Diarrheal diseases are the third leading cause of disease and death in children youn ger than 5 years of age in Africa and were responsible for an estimated 30 million cases of severe diarrhea (95% credible interval, 27 million to 33 million) and 330,000 deaths (95% credible interval, 270,000 to 380,000) in 2015. The development of tar geted approaches to address this burden has been hampered by a paucity of com prehensive, finescale estimates of diarrhearelated disease and death among and within countries.
D iarrhea-related deaths in children are largely preventable. Unfortunate ly, the burden of diarrhea remains high and inadequately characterized owing to the com plex interplay that the environment, food, water, and sanitation have with poverty and deprivation. 1 A considerable proportion of cases of diarrhea can be prevented by rotavirus immunization, 24 safe drinking water, 5 safely managed sanitation and hygiene, 6 and the establishment of processes to eliminate exposure to contaminated food. 7 Mean while, case management with oral rehydration salts, 8, 9 zinc supplementation, 10, 11 and antibiotic agents 12 has the potential to prevent persons with diarrhea from dying. Clear information about locations with the greatest diarrheal burden is needed to accelerate progress and to target inter vention and treatment programs efficiently.
The Global Burden of Diseases, Injuries, and Risk Factors Study 2016 (GBD 2016) estimated that diarrhea was the third leading cause of death among children younger than 5 years of age in 2015, responsible for an estimated 330,000 deaths (95% credible interval, 270,000 to 380,000)approximately 2 in 1000 children -and 30 mil lion severe cases (95% credible interval, 27 million to 33 million). 13 Initiatives such as the Integrated Global Action Plan for the Prevention and Control of Pneumonia and Diarrhea (GAPPD) establish ambitious goals to address the high burden of diarrhea among children. Precision public health -the use of highresolution data to guide tai lored interventions -is necessary to identify the most vulnerable populations and better target lifesaving preventive and treatment measures. 14 Previous studies have produced focused anal yses of spatial and spatiotemporal variation in diarrheal burden within selected countries. 1, 13, 1517 A history of mapping malaria burden, 18, 19 mortal ity rates among children younger than 5 years of age, 20 childgrowth failure, 21 and educational at tainment 22 has shown the usefulness of house hold surveys in identifying local patterns of health across the continent and thereby identifying the greatest opportunities for change.
We conducted a systematic assessment of local variation in diarrheal morbidity and mortality among children younger than 5 years of age across Africa during the Millennium Development Goal era (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . We produced yearly estimates, on a 5km 2 scale, of the prevalence of diarrhea, the incidence of diarrhea according to disease severity, and diarrhearelated mortality among children younger than 5 years of age from 2000 through 2015 across Africa. These estimates were derived from Bayesian modelbased geostatistics (statistics for analyzing spatial and spatiotemporal data), 51,355 geolocated pointlevel survey clusters, and 2524 small geolocated polygons, in addition to existing methods from the GBD 2016 study.
Me thods

Survey Data
We compiled a database of 191 surveys from Af rica that contained geocoded information corre sponding to coordinates of 51,355 survey clusters and 2524 subnational polygon boundaries. Survey clusters are the geographic unit in the sampling design from which households are randomly sam pled -often a village, enumeration area, or cen sus tract. For data that we could not match to specific survey clusters (e.g., when global posi tioning system data were unavailable), we aggre gated all the observations to the smallest admin istrative subdivisions possible for modeling. We aggregated our estimates to firstlevel adminis trative subdivisions (e.g., states), secondlevel ad ministrative subdivisions (e.g., districts), and thirdlevel administrative subdivisions (e.g., mu nicipalities).
We included data from household surveys that measured various health indicators, including the Demographic and Health Surveys, Multiple Indi cator Cluster Surveys, and World Bank and coun tryspecific surveys from 1998 through 2016. 2326 It was more probable that surveys that were not part of a larger series that was conducted inde pendently would be excluded if they did not meet the criteria listed below. All the data collected met the diarrhea case definition of three or more abnormally loose or watery stools within the pre vious 24 hours in a child younger than 5 years of age. Data were excluded if the source did not re cord the period prevalence of diarrhea for every child in the home in the preceding 2 to 4 weeks; if the source did not include strata, primary sampling unit, and design weights for each par ticipant; and if the source did not include geo graphic information that was more specific than at the national scale. Details regarding each data source for each country are provided in the Sup plementary Appendix, available with the full text of this article at NEJM.org.
A Quick Take is available at NEJM.org
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Statistical Analysis
Prevalence data were adjusted for season and converted from period prevalence to point preva lence as described in the GBD 2016 study. 27 The resulting adjusted pointprevalence data were mod eled directly in a Bayesian model-based geosta tistical framework, which has been described in detail previously. 1, 27 In brief, a spatially and tem porally explicit hierarchical logisticregression model was fit to the point prevalence of diarrhea. In this model, points that are closer together in space and time -and that have similar covariate patterns -are expected to have a similar preva lence of diarrhea. To reflect the social, structural, and environmental factors that may influence the prevalence of diarrhea, we assembled a collection of 27 covariates ( Table S3 in the Supplementary Appendix). Posterior distributions of all model parameters and hyperparameters were estimated with the use of RINLA software (www . r inla . org). 28, 29 Owing to the spatial resolution of the main covariates, all the predictions were made at the 5km 2 scale. After fitting the geospatial model, we took 1000 samples (hereafter referred to as "draws") from the joint posterior distribution of the prevalence of diarrhea. Each draw contained a single possible diarrhealprevalence value for each 5km 2 location for each modeled year.
The GBD 2016 study produced estimates of the prevalence and incidence of diarrhea and di arrhearelated mortality for every country in Af rica for each year from 1990 through 2016. 27 We combined our posterior distributions from above with the modeled results and diarrheaseverity distributions from the GBD 2016 study in two stages. First, we maintained consistency with the estimates from the GBD 2016 study by scaling our results such that these 5km 2 estimates of diar rhea prevalence -when aggregated and averaged to the national level by calculating a population weighted mean -matched the nationallevel GBD estimates for each country and year. Second, we converted our calibrated estimates of the point prevalence of diarrhea to our reported measures of incidence and mortality by finding the country year translation factors that had been estimated as part of the GBD 2016 study at the countryyear level. To produce estimates of severe incidence, we multiplied our prevalence estimates by the frac tion of diarrhea cases that were categorized by the GBD 2016 study as being severe, divided by the average duration. We produced estimates of mor tality by multiplying the estimates of severe inci dence by the case fatality rate and then dividing by the severity fraction.
Draws of prevalence, incidence, and mortality were then summarized as mean estimates and Bayesian credible intervals. Aggregated estimates for the administrative subdivisions were also cal culated at the draw level and then summarized as populationweighted means with credible inter vals. We calculated annual case fatality rates for each country each year by dividing the number of diarrhearelated deaths that had been estimated by the GBD 2016 study by the corresponding number of cases of diarrhea. 30 Model validation was conducted both in sample and out of sample with the use of several holdout methods. Addi tional details regarding the model, estimation, and validation processes are provided in Sections 3.0 and 4.0 in the Supplementary Appendix.
This study complies with the Guidelines for Accurate and Transparent Health Estimates Re porting (GATHER) recommendations ( Table S1 in the Supplementary Appendix). All the code and data sources that were used for these analy ses were available online at http://ghdx . healthdata . org/ record/ africa under 5 diarrhea incidence prevalence and mortality geospatial estimates 2000 2015.
R esult s
Diarrhea-Related Mortality
Our findings suggest an unequal distribution of diarrheal burden among children younger than 5 years of age across Africa from 2000 to 2015.
Locations in Nigeria and Chad had high mortality rates throughout the study period; these two coun tries had several firstlevel administrative subdivi sions that exceeded 6 deaths per 1000 children in 2015 ( Fig. 1 ). In 2015, Nigeria had the largest difference observed in the withincountry mortal ity rates, with firstlevel administrative subdivi sions differing by a factor of 6; estimates ranged from 1.6 deaths (95% credible interval, 1.0 to 2.3) per 1000 children in the Bayelsa region to 9.5 deaths (95% credible interval, 7.1 to 12.8) per 1000 children in the Yobe region ( Fig. 1 ).
Our estimates show that the number of deaths due to diarrhea among children younger than 5 years of age in Africa was geographically concentrated. Yobe, Bauchi, and Gombe -the three firstlevel administrative subdivisions in Ni geria with the highest mortality rates in Africa -accounted for 6% of all diarrhearelated deaths in Africa while encompassing 1% of the popula tion at risk (with 9900 deaths [95% credible inter val, 7600 to 13,000], 4800 deaths [95% credible interval, 3500 to 6500], and 5400 deaths [95% credible interval, 4000 to 7300], respectively) ( Fig. 2 ). More than 50% of all the diarrhearelated deaths among children in Africa were estimated to occur in just 7.0% (55 of 782) of the firstlevel administrative subdivisions on the continent (en compassing 35% of the population) ( Fig. 3) .
Although the burden of diarrhearelated deaths varied across the continent, diarrhearelated mor The median countrylevel case fatality rate in 2015 was 5 cases per 10,000 children. If all the countries with a case fatality rate greater than the median 2015 value had met that value (scenario 1), an estimated 137,300 deaths (95% credible inter val, 119,000 to 158,800) could have been averted across the continent (Fig. 5B ). Approximately 53% of these averted deaths (72,400 deaths [95% cred ible interval, 59,300 to 89,400]) would have oc curred in Nigeria. Specifically, Bauchi (6800 deaths averted [95% credible interval, 5200 to 8900]), Kano (5700 deaths averted [95% credible interval, 4200 to 7800]), and Jigawa (5000 deaths averted [95% credible interval, 3700 to 6800]) would have had the most lives saved among the firstlevel ad ministrative subdivisions in Africa.
Incidence of Diarrhea
The median reduction in the case fatality rate from 2000 to 2015 was 51.4%, which was between that of Cameroon (51.0% [95% credible interval, 26.2 to 70.5]) and that of Kenya (51.8% [95% credible interval, 42.8 to 59.7]). If the countries that had an increase or a reduction in the case fatality rate that was less than the median reduc tion during this period had reduced their case fa tality rate by that median value (scenario 2), ap proximately 76,000 lives (95% credible interval, 66,200 to 88,000) could have been saved in 2015 ( Fig. 5C ).
Data Validation
Validation of model fit and model specification was performed with the use of two instances of fivefold cross validation. Folds were spatially se lected with the use of a quadtree algorithm or according to the secondlevel administrative sub division, such that data near each other were se lected for the same fold. These strategies test our spatially correlated model by mimicking the spa tially patchy nature of our data. Outofsample statistics such as the rootmeansquare error, cor relation, and coverage were generated with the use of data held out of the model and were sub sequently summarized by aggregation to admin istrative areas. Across the continent at the level of the first administrative subdivision, we had a rootmeansquare error of 0.01039 in 2000 and 
Discussion
Our modeled maps show substantial local varia tion in both the incidence of diarrhea and diar 
Estimated No. of Deaths Averted (in 1000s)
T h e ne w e ngl a nd jou r na l o f m e dicine rhearelated mortality among children younger than 5 years of age in Africa over the period from 2000 to 2015. The rates of decline in incidence and mortality varied both among countries and within countries at every level of spatial aggrega tion that we considered. Some countries appeared to have substantially reduced their diarrhea burden uniformly, whereas others were behind on their progress countrywide. In addition, the higherres olution subnational estimates identified a third group of countries in which progress varied sub nationally. By providing estimates of current rates and counts of severe incidence and mortality, we identified locations that are most in need of in terventions to reduce diarrhea burden. More than half the diarrhearelated deaths in Africa were estimated to occur in 7% of the first level administrative subdivisions, which encom pass 35% of the population in Africa. These highly populated locations with high mortality rates -many of which are in Nigeria, Ethiopia, and Niger -are places where targeted interventions to reduce mortality, even modestly, could avert many deaths. Conversely, indepth evaluation of the factors that have contributed to success in countries such as Ethiopia, where the case fatal ity rate declined by more than 60% from 2000 to 2015, could reveal important strategies for reduc ing the case fatality rate in other areas. As noted by Troeger and colleagues (on behalf of the GBD Diarrhoeal Diseases Collaborators), 1 Ethiopia has had considerable improvements in child nutrition over the 2000-2015 period. Such improvements, combined with an expanded use of oral rehydra tion therapy, appears to account for much of the reduction in mortality in that country. 1 The relative intractability of diarrhea incidence, as compared with diarrhearelated mortality, as shown in the present analysis and elsewhere, 1 may suggest that growing access to timely and ap propriate treatment, better nutritional status, and fewer coexisting conditions are contributing factors to reducing diarrhearelated mortality. A variety of interventions -including programs to promote immunization, hygiene, breastfeeding, oral rehydration therapy, and zinc supplementa tion -have been used effectively on a small scale to combat diarrheal disease and death. 1, 31 Targeting the locations with the highest estimat ed case fatality rates, such as those in Lesotho and Mali, is likely to have a larger effect than untar geted approaches. Although the introduction of the rotavirus vaccine in Africa is relatively recent and coverage is still incomplete, the GBD 2016 study showed that rotavirus vaccine coverage was nega tively correlated with allcause diarrhea. However, the fraction of diarrhea cases attributed to rota virus varies substantially across Africa (6.5 to 64.2% in 2016). As the vaccine becomes more established, this situation will warrant further investigation.
Local estimates of diarrheal burden can be used to prioritize improved access to safe water and sanitation, which varies greatly between dense and sparse populations 32,33 ; childhoodgrowth moni toring, which has improved in most regions of Africa but not universally 34, 35 ; delivery and uptake of vaccines, including the rotavirus vaccine 36 ; and access to diarrheal care and prevention interven tions for marginalized populations that live in remote regions or in areas of conflict. 37,38 Nepal, for example, outpaced its neighboring countries in reducing diarrhearelated case fatality rates in part by implementing a districtlevel community intervention program. 39 In addition, Brazil suc cessfully used targeted interventions in the 1980s, when it drastically reduced infant mortality due to diarrheal diseases through the use of policy efforts aimed at the northeast of the country, a poorer region that had the highest burden in the country. 40 As with any work of this scope, our results are subject to several limitations. First, to produce continentwide estimates, we combined data from a broad range of sources, which required us to make assumptions about their usefulness and consistency. For example, whereas the prevalence of diarrhea was assessed with the use of the same, standard question across health surveys, such sur veys rely on respondentreported stooling patterns and, as such, are subject to recall and reporting bias. Second, there is also evidence of significant differences in risk within the group of children younger than 5 years of age. 41 Owing to the na ture of the data and methods we used, we are currently unable to parse mortality and morbidity estimates into finer age groups. 13,42 Third, without an assessment of the interventions used across the continent over time, we are limited in the infer ences we can make in this article.
Fourth, conversions from prevalence to inci dence leveraged the GBDmodeled estimates and distribution of diarrhea severity. Incorporating causespecific estimates of the incidence and severity of diarrhea would probably enhance the accuracy of the conversion and would serve as a valuable tool in the design of appropriate and effective interventions. Similar to the GBD 2016 study, which parsed allcause diarrhea into percent attributable fractions for multiple causes, 1, 27 we are working toward causespecific maps of mor tality and morbidity for Africa. Currently, neither approach uses information about bloody stools to ascertain the severity or cause of the diarrheal episode because that information was not included in all the surveys. Although the conversion from incidence to mortality leverages various data sourc es 1, 13, 27 and allows for variation in the case fatality rates according to country, year, sex, and age, it does not currently allow for variation in case fa tality rates according to cause of diarrhea and does not incorporate the effects of coexisting conditions.
The data used in our analyses overlapped with but were not identical to the findings of the GBD 2016 study, and although our model had reason able agreement at the country level with the data we used (Fig. S9 in the Supplementary Appendix), our estimates frequently differed from those of the GBD 2016 study (Fig. S12 in the Supplemen tary Appendix). We adjusted our estimates to align with those of the GBD 2016 study to maintain consistency with its results and for the purposes of using GBDlevel analyses (e.g., case fatality rates) (Section 4.3 in the Supplementary Appen dix). Our geospatial approach naturally borrows strength from neighboring areas and, as such, may smooth over extremely focal epidemics, such as those that have frequently been associated with cholera.
This work provides a foundation for several important directions for future research. First, combining these results with hospitallevel, clinic level, and causal agent-specific data may pro vide increased capacity to create targeted inter vention strategies (e.g., coverage needs for the rotavirus vaccine). In the absence of data regard ing causal factors, it is difficult to target inter ventions precisely because some interventions are causespecific. Second, the exact spatial and temporal information about the implementation of past intervention programs ought to be matched to the corresponding trends in risk in order to look for the signatures of effectiveness. Finally, the approaches outlined in this study are directly applicable to other continents for which similar data sources are available. Expanding the esti mates to all low and middleincome countries will be the next step toward the goal of globally mapping diarrheal morbidity and mortality.
In conclusion, this study showed the marked local variation in childhood morbidity and mortal ity due to diarrhea across Africa. For every country in Africa, these estimates can be used to identify the regions to target interventions more precisely. Given that the vast majority of diarrheal diseases are attributable to preventable causes of diarrhea, 1 many of these estimated deaths are likely to be preventable at the population and clinical levels.
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